(authigenic and detrital radiogenic neodymium (ε Nd ) and strontium ( 87 Sr/ 86 Sr) isotopes). 24 conditions. Since about 1870, productivity has been high but nutrient utilisation has remained 37 at levels similar to the LIA indicating significantly increased nutrient availability. 38
Comparison between the δ 30 Si opal and δ 15 N sed signatures suggests that during the past 650 39 years the δ 15 N sed signature in the Peruvian Upwelling area has to a large extent been 40 controlled by surface water utilisation and not, as previously assumed, by subsurface nitrogen 41 loss processes in the water column, which only had a significant influence during modern 42 times (i.e. since ~1870 AD). 43 44
Introduction 45
Global climate of the late Holocene was disrupted by major anomalies, the most recent of 46 which being the Little Ice Age (LIA) between ca. 1400 and 1850 AD (Lamb, 1965 of past bottom waters, as well as of the detrital fraction of the sediment were examined. These 104 proxy data provide information about changes of (surface ocean) circulation and of transport 105 processes, provenance of the sediments, and input mechanisms of terrigenous material as a 106 function of changes in precipitation on land during the transition from wetter LIA-conditions 107 to drier modern conditions. Weathering of continental source rocks delivers lithogenic 108 particles of different origin and age to the shelf, which have distinct radiogenic isotope 109 signatures (ε Nd detritus , 87 Sr/ 86 Sr detritus ) that can be used to trace their source areas (Goldstein et 110 al., 1984) . Central Peruvian Andean rocks have more radiogenic ε Nd signatures whereas 111 southern Peruvian rocks are characterised by less radiogenic ε Nd signatures (Sarbas and Nohl, 112 2009), which is also reflected in the sediments along the shelf (Ehlert et al., 2013) . Changes in 113 detrital material input and transport pathways are generally closely related to climatic changes 114 causing variations in the supply from the respective source areas (e.g. Grousset et al., 1988) . It 115 should therefore be possible to detect the transition from wetter LIA-conditions with higher 116 local input from central Peru via rivers due to higher precipitation rates towards the drier 117 presently prevailing conditions with an increased influence of eolian material transport from 118 further south in the Atacama desert (Molina-Cruz, 1977) and deposition along the shelf after 119 the LIA. 120 121 2 Material and Methods 122
Core Locations and Age Models 123
For the reconstruction of surface water Si(OH) 4 utilisation and terrestrial material input and 124 transport for the period of time between the LIA and present two sediment cores with high 125 sedimentation rates were analysed. Box core B0405-6 was recovered from the upper 126 continental slope off Pisco at 14°07.9' S, 76°30.1' W in a water depth of 299 m with the 127 Peruvian R/V José Olaya Balandra in 2004 ( Fig. 1) (Gutiérrez et al., 2006 
Biogenic Opal and Silicon Isotope Analyses 140
The biogenic opal (bSi) contents in both cores were measured following the sequential 141 leaching techniques described by DeMaster (1981) and Müller and Schneider (1993) . Si 142 isotope analyses were performed on the 11-32µm diatom-fraction that was extracted from the 143 sediment applying the procedures described by Morley et al. (2004) . 144
Approximately 300 mg of sediment were treated with 30% H 2 O 2 and 35% HCl to remove 145 organic matter and carbonate. Afterwards the sediment was wet-sieved to separate the 11-32 146 µm fraction. In a third step a heavy-liquid solution (sodium-polytungstate, 2.1-2.2 g/mL) was 147 applied in several steps to separate diatoms from the detrital lithogenic silicate material. All 148 samples were screened under the microscope to verify their purity with respect to the detrital 149 (clay) fraction. 150
The diatom samples were then transferred into Teflon vials and dissolved in 1 mL 0.1 MNaOH and diluted with MQ water according to Reynolds et al. (2008 
Neodymium and Strontium Isotope Analyses 176
To obtain the radiogenic isotope composition of past bottom seawater at the sites of the 177 sediment cores from the early diagenetic Fe-Mn coatings of the sediment particles, previously 178 and purification of Nd and Sr in the leachates and in the completely dissolved detritalsediment fraction followed previously published procedures for Nd (Cohen et al., 1988) between +0.6‰ and +1.1‰ (Fig. 2b) and followed bSi concentrations with the maximum and 209 minimum isotope values corresponding to the same respective depths for both parameters. 210
The ε Nd detritus is characterised by values between -3.6 and -5.2 with a mean value of -4.5 ± 1.0 211 (2σ (sd) ) (Fig. 2c, In theory, the radiogenic isotope composition of authigenic Fe-Mn oxyhydroxide coatings is a 219 useful tracer to detect changes on the prevailing bottom water masses at a distinct location. 220
The PCUC, which dominates the bottom waters at the core locations today, is characterised 221 immediately thereafter during the transition period (Fig. 2f , Table 3 ). The δ 15 N sed ranges 241 between 3.6‰ and 7.6‰ and shows a trend from lower mean values around 4‰ to 5‰ 242 during the LIA to higher values between 6‰ and 7‰ in the modern sediments (Fig. 2f) . 243
The ε Nd detritus signatures are characterised by overall somewhat more radiogenic values than of 244 core M771-470 ranging from -4.1 to -2.5 (mean value -3.2 ± 0.9, 2σ (sd) excluding the value of 245 -0.2 ε Nd at 1761 AD, which is considered an outlier), with slightly less radiogenic values in 246 the older part of the record and more radiogenic values in the younger part (Fig. 2g , Table 2 ). 247 
Evolution of Surface Water Productivity and Nutrient Utilisation 272
The pronounced change in the biogeochemical regime from low productivity during the LIA 273 to higher productivity during the transitional and modern period thereafter is documented by 274 several sedimentary records from the EEP region and has been dated at ~1820 AD ( Therefore, three time periods that show distinct differences in productivity and nutrient 280 utilisation have been identified from our records and will be discussed in the following: the 281 LIA, the transition period from the LIA to modern conditions between ~1820 and ~1870AD, 282 and modern conditions after ~1870 AD. 283
Both cores recorded a two-to threefold increase in bSi content from 10-12% prior to the end 284 of the LIA to values of up to 27% in M771-470 and up to 38% in B0405-6 during the 285 transition period (Figs. 2a, e). Afterwards the bSi contents decreased again but have remained 286 at a level of ~20% and thus significantly higher than prior to the end of the LIA. The increase 287 in bSi content is also reflected by a marked increase in diatom accumulation rate in core 288 concentrations in core M771-470 are positively correlated, whereas they essentially do not 300 correlate in core B0405-6. This is because the bSi maximum at the end of the transition period 301 was more pronounced in core B0405-6 and higher than surface sediment bSi contents 302
anywhere along the shelf region off Peru. At the same time only a rather gradual increase in 303 total N content with some excursions to low values during the transition period occured (Figs. 2a, e). The total N concentration also did not always co-vary with δ 15 N sed (Fig. 3c) short-term decrease to +0.6‰ at the end of the LIA, which was followed by a marked 320
increase to values around +1.1‰ during the transition period, and finally a return to 321 intermediate values between +0.8‰ and +1.0‰ in the modern part of the records (Figs. 2b,  322 f). The correspondence between bSi content and δ 30 Si opal is more pronounced in core B0405-6 323 (Fig. 3b) , which shows a higher variability and amplitude of bSi content. The difference in the 324 δ 30 Si opal , δ 15 N sed , bSi and total N content records during the transition from LIA to modern 325 conditions reflects the different environmental factors controlling the proxies, which will be 326 discussed in the following sections. 327 328
Present Day Surface Water Utilisation versus Subsurface Nitrate Loss 329
Diatoms are the dominant phytoplankton group of the Peruvian upwelling region ( (Fig. 4a) . 367
Most modern shelf samples plot either on or above the theoretical curve for utilisation 368
implying, if at all, Si(OH) 4 limiting conditions (Fig. 4a) . Very few samples are shifted 369 towards the theoretical curve for denitrification, indicating a weak influence of NO 3 --loss 370 processes on the preserved isotope signatures. Especially along the central shelf region (green 371 curves in Fig. 4a) system has rather been a Si(OH) 4 -limited system during that time, similar to today (Fig. 4a) . The most likely explanation is that upwelling was strongly increased during those brief 391 periods resulting in high nutrient supply, high productivity, and either more complete NO 3 -utilisation (Gutiérrez et al., 2009) 
Modelling the Surface Water Utilisation 408
Following the above considerations we will try to quantify past utilisation based on our data. 409
The theoretical relationship between the degree of surface water nutrient utilisation and the 410 stable isotope composition of Si and N can be described assuming either Rayleigh-type 411 (single input followed by no additional nutrients newly supplied to a particular parcel of water 412 followed by fractional loss as a function of production and export) or steady state (continuous 413 supply and partial consumption of nutrients causing a dynamic equilibrium of the dissolved 414 nutrient concentration and the product) fractionation behaviour ( only 20-30% for steady state-type fractionation (Fig. 5b) and 35-50% for Rayleigh-type 431 fractionation (Fig. 5a) Consequently, the calculated utilisation of available Si(OH) 4 and NO 3 -more than doubled, 435 whereby bSi concentrations and diatom accumulation rates increased by about a factor of 436 three (Fig. 2e) . 437
The changes in Si(OH) 4 the sediments under near-complete surface water NO 3 -utilisation, which did obviously not 446 occur at our studied sites. 447
In the modern samples the δ 30 Si opal are characterised by a slight decrease after the transition 448 period from mean value of +1.12‰ to +0.82‰, whereas the δ 15 N sed values remain at the same 449 level around +7‰ (Fig. 2) . This corresponds to a ~20% higher NO 3 -than Si(OH) 4 utilisation 450 (Fig. 5) . However, when assuming that diatoms are the dominating primary producers with a 451 
Factors Influencing the Reconstruction of the Utilisation Signals 474
There are two main factors that can influence the reconstruction of nutrient utilisation in the 475 past: 1) a change in the dominating diatom assemblages has to be considered and 2) the 476 interpretation strongly depends on the assumptions for the environmental conditions, e.g. 477 source water signature and isotope enrichment during utilisation. (Fig. 1) (Brink et al., 1983) . Under LIA-conditions (prevailing El 510
Niño-like conditions), however, atmospheric and oceanic circulation was different; the 511 nutricline was deeper as a consequence of a weak Walker circulation and the winds driving 512 the upwelling were weaker as a consequence of the SPSH contraction (Salvatteci et al. 513 2014a) . In fact, the pumped waters were likely nutrient-depleted, because the Ekman layer did 514 not reach the subsurface nutrient-rich waters. Under these conditions, the subtropical and 515 equatorial nutrient-depleted surface water masses may have occupied the entire surface layer 516 in the coastal realm because they expanded both latitudinally and vertically in the water 517 column (Montes et al., 2011) . This may have changed the source water isotopic signatures 518 and would therefore also change the calculated degrees of utilisation. If, for example, the 519 assumed source water δ 15 N NO3-was +6‰ instead of +9‰ (e.g. due to weaker subsurface NO 3 -
520
-loss and weaker 15 N enrichment during the LIA) the downcore δ 15 N sed data of core B0405-6 521 would all plot closer to the denitrification curve (Fig. 4b) In the following we thus investigate variations in past water mass circulation, upwelling 526 conditions, as well as material input and transport to reconstruct the source water conditions 527 without considering the potential influence of changes in diatom assemblages. 528 529
Changes in Water Mass Circulation, Detrital Material Input and Transport 530
The radiogenic isotope composition of the lithogenic particles (ε Nd detritus and 87 Sr/ 86 Sr detritus ) of 531 the sediments provides useful information about the source region of material and therefore 532 about changes in material input and transport, either eolian or via ocean currents (e.g. Callao at 11°S and off Pisco at 14°S show broad similarities, but also some differences. Both 544 cores recorded a significant change in ε Nd detritus and 87 Sr/ 86 Sr detritus , and therefore a change in 545 provenance, at the end of the LIA and during the transition period. Core M771-470, although 546 being located further north, is overall characterised by less radiogenic ε Nd detritus values than 547 core B0405-6 (Figs. 2, 6 ). The ε Nd detritus of core M771-470 recorded a trend from less 548 radiogenic towards more radiogenic values prior to the end of the LIA, followed by a step of 549 1.5 ε Nd units towards less radiogenic values, which afterwards remained at that level. In 550 contrast, the ε Nd detritus record of core B0405-6 remained at a level around -3.6 during the LIA 551 and then slightly increased to maximum values of up to -2.5 in the younger part. The 552 87 Sr/ 86 Sr detritus record in both cores is mainly characterised by a rapid shift towards more 553 radiogenic values at the end of the LIA, whereby the change was much more pronounced incore M771-470 (Figs. 2d, h) . The youngest samples of the cores are in good agreement with 555 measurements of surface sediments from the same area (Figs. 2, 6) (Ehlert et al., 2013) . The 556 variability in core M771-470 display the same magnitude as the complete glacial-interglacial 557 variation in core SO147-106KL located at 12°S off Lima (Ehlert et al., 2013) . All data of both 558 M771-470 and B0405-6 plot within the provenance fields of southern Peru and northern Chile 559 (Fig. 6) . The record of core M771-470 is in agreement with this. The LIA-sediments indicate a local 583 origin, probably via riverine input, whereas the younger sediments display characteristics 584 from a more southerly origin and therefore increased eolian sources, possibly from the 585 difficult to interpret. There are fewer rivers in Southern Peru around Pisco compared to the 587 Callao region. Therefore, riverine-derived material from northern and central Peru, which is 588 transported via the PCUC, can get dispersed further south and can be deposited in the Pisco 589 region. On the other hand, the influence of eolian deposition should be much higher at the 590 southern core location. During the LIA river input increased in southern Peru as well, whereas 591 eolian deposition was low. The invariate signature observed might be the result of mixing of 592 sediment from the different sources. Also, in comparison to core M771-470 core B0405-6 is 593 located much closer to the coast, which most likely diminished the differences in material 594 input and transport between the LIA-and modern conditions. 595
In summary, our combined proxy information coherently hints to the same controlling 596 processes that we already identified on glacial-interglacial timescales (Ehlert et al., 2013) and 597 to different ENSO pattern during the LIA (enhanced El Niño-like conditions) and in modern 598 times (La-Nina-like conditions). The locally sourced radiogenic isotope signatures show that 599 during the LIA precipitation and runoff from the hinterland was higher but this could not 600 compensate for the lower nutrient supply via diminished upwelling. Eolian wind forcing was 601 low and the source waters of the upwelling carried less nutrients. Consequently, diatom 602 productivity and nutrient utilisation were low. In contrast, after the end of the LIA radiogenic 603 isotopes indicate diminished river runoff and increased dust transport, which is in agreement 604
with an overall drier climate, probably driven by an expansion of the SPSH, and a shoaling of 605 the thermocline/nutricline due to a stronger atmospheric Walker circulation. Especially in 606 more recent times, the efficient remineralisation of nutrients from subsurface waters fuelled 607 enhanced diatom productivity most liekly responsible for higher nutrient utilisation in surface 608 waters as well as enhanced oxygen demand and NO 3 --loss in subsurface waters. 609 610
Conclusions 611
Proxies of productivity, nutrient utilisation and material provenance (bSi and N content, 612 -concentration and utilisation 614 due to changes in upwelling intensity and nutrient supply. During the LIA the overall nutrient 615 content in the water column and in surface waters was low because the upwelling source 616 waters contained less nutrients. Consequently, the Peruvian upwelling regime wascharacterised by persistently reduced primary productivity. The reasons for this were most 618 likely a contraction of the South Pacific Subtropical High and a weaker Walker circulation 619 that resulted in a weakening of alongshore winds and a deepening of the nutricline. 620
The enhanced rainfall associated with higher moisture on land during prevailing El Niño-like 621 conditions during the LIA were recorded by the radiogenic isotope composition of the detrital 622 material along the shelf, which was mainly transported via rivers from the Andean hinterland. 623
At the end of the LIA, in accordance with a northward shift of the ITCZ and an intensification 624 of wind strength a higher dust transport of particles associated with drier conditions and 625 eolian forcing is reflected by the radiogenic isotope composition of the detrital sediments. 626
These conditions were also reflected in increasing upwelling strength, a rapid shoaling of the 627 thermocline and nutricline, as well as enhanced nutrient supply and productivity to the surface 628 waters. During a transition period a marked increase in diatom blooming events doubled the 629 Si(OH) 4 and NO 3 -utilisation compared to the LIA, and was also higher than present day 630 utilisation. After that transition period more persistent non-El Niño conditions favoured a high 631 productivity accompanied by moderate utilisation of nutrients. Utilisation was similar to the 632 LIA but productivity was much higher, which reflects the much higher concentrations of 633 nutrients in surface waters. +5.7‰ and -3.7‰ (red curves), along the central shelf at 13.7°S source signature and ε are 934 +8.9‰ and -4.8‰ (green curves), and in the south at 17°S source signature and ε were 935 measured to be +14.5‰ and -5.7‰ (blue curves), respectively. The samples are colour-coded 936 according to their location on the shelf and relative to the NO 3 -utilisation/NO 3 --loss that they 937 experienced. Data points that plot above the utilisation curves reflect predominant Si(OH) 4 938 limitation whereas data points below record stronger NO 3 -limitation. The isotopic enrichment 939 during denitrification was always set to be +20‰. 
